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O ombro garante a articulação entre a cabeça do úmero e a parte glenoide da escapula, sendo 
responsável por diversas tarefas essenciais no nosso dia a dia. Esta articulação tem uma grande 
amplitude de movimento devido às ações dos músculos e às configurações articulares, permitindo 
movimentos como abdução, adução, rotação, elevação para a frente e para trás do tronco e mover-se em 
360 ° no plano sagital. No entanto, esta grande amplitude de movimento torna o ombro mais instável e 
suscetível a lesões, o que poderá ter um impacto direto na qualidade de vida de uma pessoa, podendo 
condicionar significativamente a mobilidade desta articulação. Algumas das patologias do ombro 
incluem desgaste excessivo, inflamação, rutura do músculo da coifa dos rotadores, instabilidade e 
impacto que podem estar relacionados a doenças degenerativas, como a osteoartrite, fraturas ou uso 
excessivo da articulação (devido a movimentos repetitivos em desportos, no trabalho, etc.). 
Infelizmente, a degeneração da articulação do ombro é um problema particularmente frequente no 
envelhecimento da nossa população, afetando uma em cada cinco pessoas acima de 65 anos. Existem 2 
tipos principais de degeneração do ombro: 1. osteoartrite, que é a degeneração primária da cartilagem 
articular relacionada com a idade, com um músculo da coifa dos rotadores intacto; 2. Artropatia por 
rutura da coifa dos rotadores, e, como o nome indica, caracterizada por uma grande rutura do músculo 
da coifa dos rotadores, levando a alterações na carga articular e danos articulares progressivos. Ambos 
os tipos de degeneração são caracterizados pela destruição da cartilagem articular que leva à dor, 
restrição de movimento e incapacidade funcional. Uma degeneração adicional pode levar à destruição 
óssea da glenoide, um fenómeno conhecido como erosão da glenoide. Existem diferentes tipos de 
erosões, dependendo do tipo de degeneração do ombro. Curiosamente, a osteoartrite é caracterizada 
principalmente por erosão óssea posterior e a artropatia por rutura da coifa dos rotadores por erosão 
óssea superior.   
A evolução da medicina permitiu a correção destas patologias ou consequências das mesmas, 
sendo agora uma cirurgia bastante comum na área da ortopedia, especialmente em idosos. Para tal, é 
necessário estudar cada caso e fazer um planeamento cirúrgico adequado através de imagens raio-X ou 
tomografias computadorizadas. O tratamento cirúrgico passa pela artroplastia do ombro (anatómica ou 
invertida) que ganhou popularidade devido à sua eficácia no alívio da dor e na restauração da função do 
ombro degenerado. Durante a cirurgia, o cirurgião precisa de estudar a inclinação, versão e correção do 
desvio e suporte ósseo mais adequados para a colocação do implante. A técnica mais utilizada é o 
alargamento assimétrico, onde a erosão da glenoide é corrigida com a remoção do lado mais alto do 
osso. Isso leva a uma perda óssea da medialização da glenoide e da linha articular, o que pode influenciar 
a função do implante do ombro e a duração de vida do mesmo a longo prazo. 
As causas mais importantes para falha da artroplastia do ombro são complicações do 
componente glenoide, como alargamento e desgaste, especialmente em glenoides com erosão pré-
operatória. Esta erosão pode originar ângulos de inclinação e versão e desvio alterados. A principal 
causa de falha do componente glenoide em pacientes com erosão é carga anormal descentralizada 
quando a erosão não é adequadamente corrigida. Portanto, a glenoide erodida deve ser corrigida para 
uma inclinação, versão e desvio mais normais antes da implantação do componente glenoide.  
 
O posicionamento adequado do implante, juntamente com o equilíbrio dos tecidos moles, são 
questões-chave na artroplastia do ombro, tanto para a função pós-operatória quanto para a duração a 
longo prazo do implante. O mau posicionamento do componente glenoide pode levar a uma má função, 
instabilidade e enfraquecimento precoce do componente na artroplastia total e reversa do ombro.  
Devido às dificuldades com a colocação correta e às possíveis complicações que advém da 
inadequada da colocação do componente da glenoide, começou-se a investigar o planeamento 
computacional para a colocação do implante. O uso de ferramentas de planeamento (software) através 
de tomografia computadorizadas 3D e instrumentação específica do paciente é, neste momento, a prática 
mais comum. 
Para além da avaliação pré-cirúrgica de cada caso e do seu planeamento, o seguimento médico 
e avaliação pós-cirúrgica também é de extrema importância para averiguar se a colocação do implante 
foi adequada e se está de acordo com o plano pré-operatório. Para isso, são usados, de igual forma do 
planeamento, raios-X ou tomografias computadorizadas que são avaliadas pelos médicos. A maioria dos 
estudos em geral demonstra que as técnicas de tomografia computadorizada são mais precisas na 
determinação da posição pós-cirúrgica do componente glenoide do que as radiografias axiais padrão. 
Mais do que isso, o uso de destas acoplado a softwares 3D para análise da posição do implante 
demonstrou ser mais preciso, pois os modelos 3D refletem com maior precisão a verdadeira anatomia 
da morfologia da escápula. 
Assim, numa perspetiva de tentar encontrar uma solução idêntica à de software de planeamento, 
mas adaptado para análise pós cirúrgica do implante, foi proposto um projeto para desenvolvimento de 
um novo software capaz de realizar a análise da posição pós-cirúrgica do implante em termos de versão, 
inclinação e desvio do implante. Portanto, o objetivo deste sistema de software é determinar a 
confiabilidade e a precisão da colocação do implante. O software foi desenvolvido na plataforma 
MeVisLab e fornece uma descrição da posição do componente glenoide em termos de versão, inclinação 
e desvio do implante (componente glenóide) entre as posições reais e ideais e a rotação do implante. O 
MeVisLab é uma plataforma diversificada para processamento de imagens médicas e visualização 
científica. Inclui algoritmos avançados para registo, segmentação e análise quantitativa de imagens 
morfológicas e funcionais. A sua estrutura é baseada em módulos e com estes, redes podem ser criadas 
e diferentes aplicações podem ser construídas. A criação deste software nesta plataforma é considerada 
uma inovação, pois não há nenhuma referência a algo semelhante, com o mesmo objetivo e 
funcionalidades, na pesquisa bibliográfica feita.  
O modelo do implante utilizado ao longo do desenvolvimento do software e na sua análise foi 
ligeiramente modificado, fechando o lado aberto da glenoesfera (componente glenoide). Assim sendo, 
o desenvolvimento deste projeto incluiu etapas diferentes: a primeira foi a definição das medidas 
requisitadas pelos médicos, ângulos e pontos anatómicos de referência necessários, sendo que, neste 
caso, os pontos anatómicos de referência devem ser selecionados pelo utilizador e os outros dois serão 
calculados automaticamente; O próximo passo foi o desenvolvimento do software no MeVisLab com 
uma rede baseada em módulos que incluía módulos de visualização de imagens (2D e 3D), módulos que 
auxiliam na definição de planos e pontos de referência para os cálculos e módulos scripts em Python 
que contêm o código para todos os itens necessários para os cálculos; Em seguida, o desenvolvimento 
da interface para o  utilizador foi feito de forma a que o mesmo tivesse uma experiência intuitiva e de 
fácil uso, e que conseguisse seguir todas as instruções necessárias, para a seleção de todos os pontos de 
referência e, posteriormente, o cálculo dos ângulos e medidas requisitadas; Finalmente, o último passo 
foi garantir que o software criado fosse confiável e consistente em todos os seus resultados no domínio 
intraobservador e interobservador e quando comparado com os resultados encontrados na literatura.  
 
vii 
Até ao momento, o software desenvolvido fornece os ângulos e medidas desejados com sucesso, 
no entanto, mostrou-se não ser tão confiável e consistente quanto era desejado. Assim, muito pode ainda 
ser feito para melhorar a precisão do software desenvolvido e atingir totalmente o objetivo final. Os 
resultados obtidos através do software podem ainda, mais tarde, ser usados para comparar se o implante 
colocado tem a mesma orientação que a planeada para um paciente específico antes da cirurgia. Além 
disso, a posição do implante pode ser correlacionada com a função pós-operatória do paciente. 
Palavras-chave: Artroplastia do ombro, Análise pós-cirúrgica, Posicionamento do componente 













The shoulder has a high range of motion because of its muscles actions and joint configuration, 
allowing it to abduct, adduct, rotate, be raised in front of and behind the torso and move through a full 
360° in the sagittal plane. This large range of motion makes the shoulder more unstable and susceptible 
to injuries. The most common shoulder pathologies include cuff tear arthropathy and osteoarthritis 
which are related to permanent loss of the rotator cuff tendons and a gradual wearing of the articular 
cartilage, respectively, that leads to pain, stiffness and, consequently, to loss of the shoulder function.  
Reverse shoulder arthroplasty (RSA) has been proven to be a successful treatment for cuff tear 
arthropathy and osteoarthritis in the elderly patients. RSA consist in a shoulder replacement with a 
prosthesis that aims to restore the best possible function to the joint by removing scar tissue balancing 
muscles and replacing the destroyed joint surface of the humerus. The glenosphere positioning during 
the procedure has a significant impact on outcomes in RSA because it determines the center of rotation 
and biomechanical traits of the new joint. Misalignment and/or displacement of the glenoid component 
with respect to the bone can be a cause of, or contribute to, failure of the implant. Reasons for 
displacementof the glenoid component include inaccurate assessment of the pathologic anatomy of the 
glenoid, incorrect choice of implant and/or position of the implant to correct the pathologic condition, 
and inaccurate surgical execution of the preoperative plan. 
 The goal of this project was to create a software for post-surgical shoulder arthroplasty analysis 
that gives version, inclination and implant shift values of the glenoid component aiming to evaluate the 
precision and reliability of its placement. The development of this project included different steps: the 
first one was the definition of the desired measurements, angles and the needed landmarks being that 
landmarks must be selected by the user and then the other two will be calculated automatically; The next 
step was the development of the novel software in MeVisLab with a module based network that included 
image visualizing modules (2D and 3D), modules that assist the definition of planes and landmarks for 
the calculations and python script modules that contain the code for all needed calculations; Then, the 
development of the user interface took place with the necessary means for the user to have all 
instructions needed, for the selection of all landmarks and returning the angles and measurements 
calculated; Finally, the last step was to ensure that the created software was reliable and consistent in its 
results in both intraobserver and interobserver domain and when compared with literature findings.  
So far, the developed software provides the required version and inclination angles and implant 
shift measure successfully however has shown to not be as reliable and consistent as desired. Thus, a lot 
can still be done to improve the accuracy of the developed software and to achieve fully the final goal. 
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1. 1. Introduction 
 
 The (glenohumeral) shoulder joint ensures the articulation between the humeral head and the 
glenoid part of the scapula. Unfortunately, degeneration of the shoulder joint is a frequent problem in 
our aging population affecting one in five persons over 65 years [1]. There are 2 main types of shoulder 
degeneration: 1.Osteoarthritis (OA) which is the primary age-related degeneration of the articular 
cartilage with an intact rotator cuff and 2. Cuff tear arthropathy which is characterized by a large rotator 
cuff tear leading to altered joint loading and progressive articular damage. Both types of degeneration 
are characterized by destruction of the articular cartilage which leads to pain, restriction of movement 
and functional disability [2]. Further degeneration can lead to destruction of the glenoid bone stock, a 
phenomenon known as glenoid erosion. There are different types of erosions depending on the type of 
shoulder degeneration. Interestingly, OA is mostly characterized by posterior bone erosion [3] and 
rotator cuff tear arthropathy by superior bone erosion [4].  
 Shoulder arthroplasty (anatomic and reversed) has gained in popularity because of its efficacy 
in relieving pain and restoring function of the degenerated shoulder. The most important causes for 
failure of shoulder arthroplasty are complications of the glenoid component like loosening and wear 
especially in glenoid with preoperative glenoid erosion [5] [6] [7] [8] [9] [10] [11]. Glenoid erosion 
leads to an altered glenoid inclination, version and offset. The main cause of failure of the glenoid 
component in patients with glenoid erosion is aberrant, off-centre loading when the erosion is not 
adequately corrected [12] [13] [14] [15]. Therefore, the eroded glenoid should be corrected to a more 
normal inclination, version and offset prior to implantation of the glenoid component. Different 
techniques can be used to correct the eroded glenoid: asymmetric reaming, bone grafting and augmented 
components. Every technique has its limitations and disadvantages [16] [9] [17].  
 During surgery the surgeon needs to make a trade-off between inclination, version and offset 
correction and bone support for the implant. The most widely used technique is asymmetric reaming 
were the glenoid erosion is corrected by removing the high side of the bone. This leads to a loss of bone 
stock from the glenoid and joint line medialization, which can influence the shoulder replacement 
function and long-term survival.  
 
1.1 Shoulder structure  
The shoulder consists in three bones: the upper arm bone (humerus), the shoulder blade (scapula), 
and the collarbone (clavicle), forming the glenohumeral joint and acromioclavicular joint, respectively. 
The shoulder is a ball-and-socket joint: The ball, or head, of the upper arm bone fits into a shallow socket 
in the scapula. This socket is called the glenoid. The humerus, scapula and the glenoid are considered 
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The scapula is a wide, flat bone lying on the thoracic wall that provides a point of attachment for 
numerous muscles.  (Figure 1.2). Because of its medial aspect, this is, the fact that is only connected to 
the thorax and vertebral column by muscles, the scapula provides a wide range of movement and 
mobility for the upper limb.  
 
Muscles originating on the scapula attach to the greater and lesser tubercles and hold the humerus 
to the scapula. One of these group muscles of the shoulder includes the rotator cuff which is composed 
by 4 muscles that cover the shoulder capsule. So, these muscles attach to the surface of the scapula and 
are responsible for the internal and external rotation of the shoulder joint, along with humeral abduction. 
[19] 
Coracoid process 
Figure 1.1 - Shoulder anatomy. [18] 
Figure 1.2 - Scapula anatomy: anterior and posterior views. [19] 
 
3 
The glenoid cavity or glenoid fossa is a part shallow structure of the shoulder, which is located 
on the lateral angle of the scapula and provides little inherent stability to the glenohumeral joint (Figure 
1.3) It is fixed laterally and forward and articulates with the head of the humerus; it is wider below than 
above and its vertical diameter is the longest. [21] 
This cavity forms the glenohumeral joint along with the humerus. This type of joint is 
characterized as a synovial, ball and socket joint. The rotator cuff supports this joint by holding the head 
of the humerus in the glenoid cavity.  
The cavity surface is protected with cartilage, and its margins, slightly raised, give attachment to 
a fibrocartilaginous structure, the glenoid labrum, which deepens the cavity and gives it a more concave 
shape to fit the humeral head. The flexible fit of the humerus within the glenoid permits the great range 
motion of the healthy shoulder. However, the cartilage is susceptible to degeneration. [21] 
The humerus is a tubular bone of the arm that articulates proximally with the glenoid of the 
scapula, and distally at the elbow, with the radius and ulna. The humerus consists of three sections: 
upper extremity comprises a rounded head, a narrow neck, and two short processes (tubercles, 
sometimes called tuberosities). The surgical neck is a segment present inferior to the humeral head that 
acts as a connection between the head and the shaft of the humerus. [22] 
The surfaces of the bones where they touch are covered with articular cartilage, a smooth 
substance that protects the bones and enables them to move easily. A thin, smooth tissue called synovial 
membrane covers all remaining surfaces inside the shoulder joint. In a healthy shoulder, this membrane 
makes a small amount of fluid that lubricates the cartilage and eliminates almost any friction in your 
shoulder. The muscles and tendons that surround the shoulder provide stability and support.  All these 
structures allow the shoulder to rotate through a greater range of motion than any other joint in the body. 
[23] 
1.2 Shoulder Arthroplasty  
Shoulder arthroplasty consists in a surgery that replaces the damaged parts of the 
glenohumeral joint with prosthetic implants. One of the main causes that leads to this type of 
Figure 1.3 - Side view of the scapula [20] 
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surgery, special in eldery, is OA which can also be a cause of other pathologies. The treatment 
options are either replacement of just the head of the humerus bone (ball), or replacement of both 
the ball and the socket (glenoid).  
1.2.1 Total Shoulder Arthroplasty 
 
 The typical total shoulder arthroplasty (TSA) involves replacing the arthritic joint surfaces 
with a highly polished metal ball attached to a stem, and a plastic socket (Figure 1.4). The standard 
care is the replacement of humeral head and cemented all-polyethylene glenoid resurfacing. This 
procedure gives the patient a greater range of motion in the shoulder and its success depends on proper 
functioning of the soft tissues, and the fact that the glenoid is less constrained leads to greater sheer 
stresses and is more susceptible to mechanical loosening. [23] 
 Patients with bone-on-bone OA and intact and functional rotator cuff tendons are generally 
good candidates for conventional total shoulder replacement (Figure 1.5). Some contraindications 
for TSA include insufficient glenoid bone stock, rotator cuff arthropathy (risk of loosening of the 
glenoid prosthesis is high), deltoid dysfunction and active infection. 
 
Figure 1.4 - Total shoulder replacement: implant. [23] 
Figure 1.5 - (Left) An x-ray of a healthy shoulder joint. (Middle) Osteoarthritis of the shoulder. Note the decreased 
joint space (arrow). (Right) X-ray taken after TSA [23] 
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1.2.2 Reverse Total Shoulder Arthroplasty 
 
 In RSA, the socket and metal ball are switched. That means a metal ball is attached to the 
shoulder bone and a plastic socket is attached to the upper arm bone. This procedure is 
characterized by using of a convex glenoid (hemispheric ball) and concave humerus (articulating 
cup) to reconstruct the glenohumeral joint (Figure 1.6). In this case, the center of rotation (COR) 
is positioned inferiorly and medially near native glenoid. [23] 
Indication for this type of surgery include pseudoparalysis which is an inability to actively 
elevate the arm in the presence of free passive range of motion and in the absence of a neurologic 
lesions and occurs secondary to irreparable rotator cuff tear in setting of glenohumeral arthritis ; 
incompetent coracoacromial arch; rotator cuff insufficiency 'equivalent' which occurs when there 
is a non-union or mal-union of the tuberosity following trauma or prior arthroplasty; arthroplasty 
when all other options have been exhausted; rheumatoid arthritis but only if glenoid bone stock is 
sufficient. [24] 
There are some contraindications to consider such as deltoid deficiency (axillary nerve 
palsy), bony acromion deficiency, glenoid osteoporosis and active infection.  
The advantage of RSA is that the COR is moved inferiorly and medialized which allows the 
deltoid muscle to act on a longer fulcrum and have more mechanical advantage to substitute for 
the deficient rotator cuff muscles to provide shoulder abduction (Figure 1.8 and Figure 1.7).  
Identical to every surgical procedure, RSA has some complications associated. Scapular 
notching is the most common complication that consist in erosion of the scapular neck that is 
related to impingement by the medial rim of the humeral cup during adduction. Glenoid loosening 
is also a common mechanism of failure, and normally occurs years after the surgery, consisting in 
a loosening on the fixation of the glenoid component. [24] 
Figure 1.6 - (Left) Rotator cuff arthropathy. (Right) The reverse total shoulder replacement allows other 
muscles — such as the deltoid — to do the work of the damaged rotator cuff tendons. [37] 
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Others less common are dislocation, deep infection due to large subacromial dead space 
created by reverse prosthesis, acromion and scapular spine fractures and neurapraxia. 
 
1.2.3 Shoulder pathologies and complications related to 
shoulder arthroplasty: overview 
Shoulder pathologies include excessive wear, inflammation, rotator cuff tear, instability and 
impingement which can be related to degenerative diseases such as arthritis, fractures or overuse of the 
joint (repetitive movements in sports, work, etc).  
Figure 1.8 - X-ray taken after RSA. [24] 
Figure 1.7 - (A) Normal functioning rotator cuff preserving the native shoulder center of rotation (red dot). (B) Rotator cuff–
deficient shoulder with pathologic proximal migration of the center of rotation, top (red dot). Notice the pathologic anterior 
humeral head position, bottom (red dot). In this setting, the deltoid loses its mechanical advantage and is unable to successfully 
elevate the arm. (C) The RSA medially and distally placing a fixed center of rotation (red dot), which restores the deltoid’s 
resting length, decreases its workload, and improves its function. [25] 
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OA remains the most common indication for shoulder replacement and alters glenohumeral 
biomechanics and modifies the anatomic features of the glenoid. Also known as degenerative joint 
disease, OA occurs when the cartilage of the articular surfaces of the humeral head and/or glenoid 
degenerates or wears down. This causes swelling, pain, and sometimes the development of 
osteophytes (bone spurs) when the ends of the two bones rub together. OA most often occurs in 
people who are over 50 years old. In younger people, arthritis can result from an injury or trauma, 
such as a fractured or dislocated shoulder, infection, or rotator cuff tears. Pain is the most common 
symptom of shoulder arthritis; it is aggravated by activity and worsens over time Other common 
symptoms include limited motion and stiffness which will turn the everyday tasks more difficult 
and crepitus which is classified as hearing and feeling grinding and clicking noises as moving the 
shoulder. [26] 
Rotator cuff tear arthropathy (or shoulder arthritis with a large rotator cuff tear) is a severe 
and complex variety of shoulder arthritis in which the shoulder has lost not only the cartilage that 
covers its joint surface but also the tendons of the rotator cuff tear which facilitate position and 
power the joint. Normally, the tendons of the rotator cuff allow smooth motion of the upper end 
of the arm bone (humerus) beneath the covering bones and muscles.  
When the rotator cuff is degenerated chronically torn or otherwise deficient, the normally 
smooth upper surface of the upper end of the arm bone (humeral head) is unprotected from rubbing 
with the undersurface of the bone and ligaments above (Figure 1.9). [27] 
 
 To effectively treat patients with these shoulder deformities, the surgeon must have a thorough 
understanding of the degree of anatomic change, including retroversion, degree of bone loss, and amount 
of humeral head displacement. Therefore, recognition and management of altered glenoid morphology 
and diminished bone stock are important for a successful shoulder arthroplasty. 
 The classification developed by Walch et al. has become the most used to describe glenoid 
morphology based on wear patterns and version and, posteriorly, define the best method to treat the 
shoulder pathology. The type B classification was associated with posterior subluxation of the humeral 
head and asymmetric joint force distribution. Type B1 morphology is characterized by a narrowed 
posterior joint space and lack of posterior erosion. Type B2 is characterized by posterior erosion and an 
Figure 1.9 – Shoulder with cuff tear arthropathy: the upper surface of the ball of the upper arm bone rubbing  against 
the superjacent bone .  [27] 
 
Chapter 1. Introduction 
8 
associated biconcave appearance. Type C glenoid is hypoplastic, with retroversion >25°. Types B2 and 
C demonstrate the most advanced changes in glenoid morphology and are the most difficult to manage. 
[3] 
In order to evaluate glenoid bone stock and version, three-dimensional (3D) reconstruction CT 
has been shown to be an important tool. In patients with posterior erosion, CT provides the most 
definitive evaluation of glenoid version, vault anatomy, and severity of bone loss. [31] This assessment 
is helpful in determining whether the use of a standard glenoid prosthesis is feasible or glenoid 
augmentation is required. 
Bone grafting provides a biologic solution in cases of substantial bone loss that prevents adequate 
version correction or secure seating of a glenoid component. Indications for bone grafting include 
uneven wear that cannot be accommodated by small changes in glenoid or humeral component version, 
insufficient bone volume to support the glenoid component, >15° of retroversion. Additionally, bone 
grafting provides a permanent restorative solution to glenoid bone loss. Advantages of bone grafting in 
the setting of posterior bone deficiencies include preservation of anterior glenoid bone stock and 
maintenance of a more normal joint line that avoids altered joint kinematics secondary to shortening of 
the glenoid vault. [3] 
Uncorrected bone loss may also result in insufficient seating at the periphery of the glenoid 
component, creating the potential for eccentric loading of the implant and increased stress levels at the 
implant-bone interface. [32] 
On the other hand, glenoid component failure (i.e., loosening) is the most common complication 
following shoulder replacement and accounts for most unsatisfactory results. Factors that contribute to 
component loosening include altered joint reaction forces, component malposition, and insufficient bony 








2. 2. State of the art 
 
In an ideal shoulder arthroplasty, the 3D implant positioning is used to determine the optimal 
placement of the glenoid component in order to achieve a maximum correction of a pathology in an 
ideal shoulder arthroplasty. Numerous studies have demonstrated that three-dimensional planning, 
templating and post-surgical analysis have more significant results in glenoid component placement 
(and analysis) when compared with two-dimensional CT imaging without templating. [33][34][36][38] 
The success of total anatomic and reversed shoulder arthroplasty largely depends on accurate 
correction of glenoid deformity and correct positioning and fixation of the glenoid component. Recently, 
various authors have shown that preoperative 3-dimensional surgical planning and computer navigation 
technology may increase the accuracy and repeatability of the implantation of the glenoid component, 
especially for the position and orientation of the glenosphere and screws in reversed arthroplasty. These 
novel techniques may allow the surgeon to better define the preoperative deformity, select the optimal 
implant position, and then accurately execute the plan at the time of surgery. [33] 
Radiographic imaging can be used for postoperative assessment of component position. 
Computed tomography (CT) can provide more accurate measurements of glenoid and humeral head 
anatomy. New techniques in the acquisition, reconstruction, and post-processing of CT images are 
available for clinical use and optimization of patient positioning combined with three-dimensional 
analysis techniques that appropriately aligned with the plane of the scapula may be more reliable and 
accurate. [35] 
2.1 3D Planning Softwares 
Three-dimensional (3D) reconstruction of the scapula and 3D measurements of glenoid 
retroversion, inclination, and humeral head subluxation are increasingly recognized as necessary 
references during the preoperative planning and decision-making process for shoulder arthroplasty.  
Currently, there are several companies that provide the means of preoperatively planning for a 
surgical case. Each system has small differences in the planning tool as well as the landmarks used to 
reference the position of the guide at the time of surgery. Most systems require a CT scan of certain 
specifications and then three-dimensional reconstructions can be rendered for planning. [36]  
The Glenosys software system (Imascap, Brest, France) is a planning software used to convert 
CT scans to 3D reconstructions. This software performs automatic segmentation and full morphologic 
analysis of the anatomic structure of the bone, creating a 3D model of the scapula and proximal humerus. 
After reformatting in the plane of the scapula, a 2D series of images is created with computer-calculated 
estimates of glenoid version and humeral head subluxation. [37] 
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The surgeon can then virtually implant a glenoid component into the desired position of version 
and inclination. Once the implant and optimal positioning have been determined, the surgeon can start 
building the patient-specific guide. The Glenosys uses all glenoid and scapular points to define the 
glenoid and scapular planes and references. [38] 
The 3D planning software allows for virtual implantation and therefore improves the 
preoperative planning. In this thought, patient-specific instrumentation has been developed to transfer 
the preoperative plan into the surgery. Cadaveric studies have demonstrated significantly reduced 
deviation on postoperative glenoid positioning from the desired preoperative planning in anatomic and 
reverse shoulder arthroplasty. [39] 
Wylie et al. defends that computer planning software and patient-specific instrumentation have 
the potential to dramatically improve the ability to accurately place a glenoid component. [39] 
 
2.2 Parameters measurements 
The considered classical parameters describing bone anatomy, are two-dimensional (2D). They 
include the inclination and the version of the humerus and glenoid. 
Radiographs were considered the conventional method to analyse glenoid and humeral 
morphology. Glenoid measurements should be defined by consistently identifiable landmarks. The 
definition of appropriate landmarks becomes challenging because of the scapula’s complex geometry. 
Anatomic structures with high variability, such as the acromion, cannot be used as references. Several 
structures, such as the medial border of the scapula or the inferior scapular angle, are often not visible 
on routine radiographs of the shoulder and can therefore not be used as landmarks to define the glenoid 
inclination angle. With that said, A. Maurer et al. defends that traditional radiographs of the scapula are 
often unreliable for accurately determining glenoid version due to differences in glenoid morphology, 
difficulty in accurately identifying landmarks due to the planar projectional nature of radiographs, and 
variation in scapular positioning. As the scapula is a three-dimensional structure, two-dimensional 
measurements of glenoid might be influenced by the scapular position. Therefore, axial 2-dimensional 
(2D) CT scan measurements of glenoid version are more precise and reproducible than conventional 
radiography and have been commonly used for preoperative evaluation of the glenoid. [40] 
Friedman et al. were the first to use CT to characterize the association between glenoid version 
and OA. They introduced a method to calculate glenoid version using the transverse axis of the scapula, 
defined as a line drawn from the tip of the medial border of the scapula to the midpoint of the glenoid 
fossa. The conventional measuring method, as is known, for glenoid version has been widely utilized, 
and normal shoulders are expected to have neutral version in accordance with a small number of past 
studies. However, the conventional method is sensitive to the scapular body shape that varies widely 
between patients. [29] Randelli and Gambrioli also proposed a technique that uses the scapular body 
line to calculate glenoid version. [18] 
N. Matsumura et al.  conducted a study that uses CT measurements to compare the conventional 
method described by Friedman et al. with a glenoid vault measuring method. Since the glenoid is known 
to twist anteriorly to posteriorly, and slice selection can change the values of version, they reconstructed 
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three-dimensionally corrected slices to clarify the accurate values of conventional glenoid version and 
glenoid vault version. The glenoid line is the same as that of the conventional method. The glenoid vault 
axis is defined as the line connecting the tip of the scapular vault and the center of the glenoid line. 
Glenoid version measured with the vault method (β) is calculated as the angle between the glenoid line 
and the line perpendicular to the glenoid vault axis.[29] 
Modern imaging methods and analysis software now make it possible to analyse the scapula 3 
dimensionally as a free body.  
 A study performed by M. D. Budge et al., has shown high accuracy with 3D CT measurements 
of glenoid version in cadaver models that were confirmed with direct measurement of glenoid version. 
Correcting 2D glenoid version by 3D reconstruction to the transverse plane perpendicular to the scapular 
body allows for an accurate assessment of glenoid version despite positioning differences and results in 
increased accuracy while maintaining high reliability.[41]  
Glenoid inclination is defined by the angle of the glenoid in the plane of the scapula and has 
recently been identified as a potential contributor to disorders of the glenohumeral joint.[23] In the native 
shoulder, increased glenoid inclination has been implicated as a risk factor for rotator cuff tears and 
superior migration of the humeral head. In shoulder arthroplasty, proper implant positioning in the 
vertical plane of the glenoid is crucial to maximize outcomes and long-term implant survivability. [33] 
Measurement of overall glenoid inclination and change in the inclination was primarily accomplished 
radiographically using a method described by Kandemir et al. A line drawn from the superior medial 
border of the scapula to the superior border of the glenoid was used as a reference line. The glenoid 
inclination was then measured by the angle between the reference line and a line parallel to the glenoid 
face. This technique was modified in the case of an arthroplasty by using a line parallel to the base plate 
and perpendicular to the locking, non-angled central screw (Figure 2.1). [34] 
There is also the β-angle method, described by Maurer et al, that is defined as the measurement 
of the angle between the floor of the supraspinatus fossa marked by a sclerotic line and the glenoid fossa 
Figure 2.1 - A postoperative inclination modified technique of using central screw as 90º reference to the surface of the 
baseplate. A line is drawn parallel to the central screw and a second line perpendicular to that line. The perpendicular line is 
then considered parallel to the base plate, and the inclination can be calculated based on the reference line drawn from the 
superior medial angle of the scapula to the superior end of the glenoid. [34] 
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line. Glenoid inclination is a 90º β-angle, with positive results indicating superior glenoid inclination 
and negative results indicating inferior glenoid inclination. [40] 
M. Daggett et al. studied and determined the accuracy of the measured β-angle, previously 
described by Maurer et al. A 3D software was used to perform automated segmentation creating a 3D 
model of the scapula and proximal humerus. After segmentation and reformatting, the software program 
determined the planes of the scapula and the glenoid fossa through best plane fitting to the 3D point 
cloud of the scapula. After reformatting of the plane of the scapula, a 2D coronal series of images was 
provided by the software. As the third measurement, the β-angle was evaluated on this reformatted 2D 
CT scan of the shoulder within the 3D software. The final glenoid inclination angle obtained was the 
3D measurement that was provided by the software program. This measurement is formed by the angle 
between the transverse axis of the scapula and the glenoid fossa plane and was used as the reference in 
the evaluation of the accuracy of the other measurement techniques. They concluded that the β-angle 
measured with 2D CT scan formatted in the scapular plane was the most accurate method for measuring 
glenoid inclination and that the β angle on the AP radiograph is less accurate and reliable. [33] 
The centre of the glenoid has been found to be difficult to achieve and is not always well defined 
since the morphology of the glenoid is not precisely a geometrical shape.  
Verstraeten T. et al. found that a circular plane can accurately define the glenoid centre better 
than a triangular plane. He described Saller’s method as defining the centre as the midpoint of the 
greatest antero-posterior and supero-inferior distance of the glenoid. With this method they defined a 
triangular-shaped plane. Verstraeten T. et al. method uses circular planes because the literature 
suggested the importance of the integrity of a circular plane at the inferior glenoid to assure an optimal 
gleno-humeral stability. The circular planes are defined by the best-fitting circle constructed with three 
Figure 2.2 -Methods for calculation of center of glenoid described by Saller, K. et al. (top images) and 
Verstraeten T. et al. (bottom images).[35] 
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points. The Circular Max plane takes the whole glenoid into account and the Circular Inferior plane is 
located at the inferior two quadrants of the glenoid (Figure 2.2). [35]  
The typical two-dimensional measurements for version and humeral head sub-luxation have 
utilized the scapular axis as a basis. [42] Budge et al. compared two-dimensional and three-dimensional 
measurements of version and determined that 2D and 3D methods showed a high degree of both 
intraobserver and interobserver reliability although axial 2D images were 5° to 15° different than the 
3D measures in almost 50 % of the measurements. [43] 
A recent study by B. Werner et al. to evaluate the accuracy of glenoid version and inclination 
measurements on reformatted 2D CT scans compared with a validated 3D software program. Although 
the results showed a high reliability on 2D CT measurements among the observers that participated in 
the study, there were significant differences from 3D CT glenoid version and inclination measurements. 
[60] This supports findings from other authors [42][43] which shows that overall measurements of 
glenoid version and inclination on reformatted 2D CT scans are less accurate compared with 3D 
measurements.  
 Given its potential wide clinical availability, 3D CT image analysis could be used as standard-
of-care imaging for postoperative assessment of component position following shoulder arthroplasty. 
Eventually could be applied to other orthopaedic implants as well, with the goals of developing surgical 
tools and advancing prosthetic designs for improved long-term clinical function.  
 
2.3 3D postoperative analysis 
Positioning of the glenoid component largely determines outcomes and longevity of TSA and 
RSA. Therefore, accurate measurements of glenoid version and inclination in shoulder arthroplasty 
patients are valuable to the surgeon, postoperatively to evaluate surgery in relation to clinical outcome 
of the patient. 
Radiographic imaging can be used for postoperative assessment of component position following 
shoulder arthroplasty. Computed tomography (CT) can provide more accurate measurement of glenoid 
and humeral head anatomy preoperatively, but postoperative analysis to quantify glenoid component 
position and radiolucencies using standard CT may still have limitations due to difficulty in precisely 
identifying a polyethylene component and due to metal artifact from the implant.[28] Therefore, three-
dimensional analysis techniques appropriately aligned with the plane of the scapula may be more reliable 
and accurate.  
E.T Ricchetti et al conducted a study where patients from TSA were scanned pre- and post-
operative and then these images were imported into custom-designed 3D imaging for further analysis 
and detailed determination of component position. On the postoperative CT scans, a digital template of 
the glenoid component was fitted to the images of the actual multi-peg glenoid component by aligning 
the metal marker within the central peg of the implanted component. The best-fit position of the digital 
template was confirmed by group consensus using the 3 orthogonal views through all imaging slices 
(Figure 2.3) and then used to determine the position and orientation of the implanted component. 
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Position (in millimeters) was defined between the center point of the implant and the bony glenoid center 
point in the anteroposterior, superoinferior, and medial-to-lateral dimensions. Orientation (in degrees) 
was defined as version and inclination in relation to the plane of the scapula. To determine changes in 
component position over time between the postoperative CT scans, the bony scapula of each scan was 
registered to the scapula image coordinate system of the preoperative CT scan using an image overlay 
technique available in the 3D imaging software that uses mutual information correlation metrics with 
simplex optimization, as previously described. [30] 
T. Gregory et al. conducted a study to assess the accuracy and variability of glenoid implant 
positioning during TSA. A software was used to reconstruct the 3D scapulae and several reference points 
were positioned along the lateral border of the scapula, approximately a line (LBL), as well as along the 
deepest part of the near-linear Supraspinous Fossa Line (SFL). These two sets of points formed two 
lines, that determine the plane of the blade of the scapula. In order to evaluate the position of the glenoid 
component relative to the plane of the scapula, additional points were selected along the edge of the 
subchondral bone of the glenoid. Version and inclination of the glenoid component were studied:  
version was defined as the angle between the plane of the glenoid component surface and the plane of 
the scapula and was scored so that retroversion was positive and anteversion negative. The inclination 
was defined as the angle between the superior-inferior line of the glenoid component (i.e. the line that 
connects the most superior point of the glenoid surface to the most inferior point) and the supraspinous 
fossa line and was scored so that superior inclination was positive and inferior inclination negative 
(Figure 2.4). [44] 
A. Van Haver et al. used a technique described by Iannotti et al. where the 3D models of the 
native scapula were semi automatically registered to the postoperative CT scan. Then, the 3D surface 
models of the glenoid components were manually aligned on the postoperative CT scans by using the 
best-fit position technique. They had to use a filter on the CT scans for scatter reduction due to the metal 
artifacts. After this, they imported the model to a software that allowed them to first define the anatomic 
Figure 2.3 - Best-fit placement of digital templates of glenoid and humeral components on postoperative CT. Glenoid 
component in white. [30] 
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plane of the scapular body by the inferior pole of the scapula, the center of the glenoid fossa, and the 
scapula trigonum. Second, the reference line of the near-linear supraspinatus fossa was defined by 
marking the floor of the fossa manually and by automatically calculating the inertia axis in this selected 
area. The glenoid baseplate line was defined as the top to bottom line parallel to the baseplate and 
perpendicular to the central screw or peg. As a last step, the reference lines of the supraspinatus fossa 
and glenoid baseplate were projected into the anatomic plane of the scapula, and the angle β was 
measured in the inferolateral quadrant formed by the intersection of the 2 lines (Figure 2.5). [44][45]. 
Most studies overall demonstrate that CT techniques are more accurate in determining glenoid 
component post-surgical position than the standard axial radiographs. [44][46] Even more than that the 
use of CT accoupled to 3D softwares for implant position analysis have been demonstrated to be more 
accurate since 3D models accurately reflect the true anatomy of the scapula morphology. Also, because 
of that, these softwares are often used in some studies as a validation method. Nevertheless, it was not 
Figure 2.4 – Digitized landmarks used to define the relative position of the glenoid bone relative to the scapular blade (top 
image). Definition of the four glenoid component positioning parameters.: version (top left) is the angle between the green line 
and the red line; inclination (top right) was measured from the orientation of green line and the red line (bottom image). [44] 
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found in literature a fully automated software that performs a post-surgical shoulder arthroplasty 3D 





Figure 2.5 - Glenoid component inclination measurement in an RSA patient using 3D models. Visualization of the 3D models 
of the scapula: (A) reverse baseplate and reverse head; (B) projection of the scapula, glenoid component, and reference lines 
in the anatomic plane and glenoid component inclination measured in the anatomic plane as the angle b between the fossa 




2.4 Image registration  
Image registration involves finding a geometric transformation that brings one image into the 
best possible spatial correspondence with another image. 
Registration is concerned with bringing one type of data (patient’s images, models of anatomical 
structures obtained from these images and treatment plan or implant models) and another type of data 
(patient’s images – CT, MRI, X-Rays, positions of tools, radiation fields, etc.) into the same coordinate 
frame. 
Several medical specialties benefit from image registration through easier and better guidance 
of an intervention leading to reduced invasiveness and/or increased accuracy. In image-guided 
minimally invasive surgery, the registration of pre- and intra-interventional data and instrument tracking 
provide surgeon with information about the current position of his instruments relative to the planned 
trajectory, nearby vulnerable structures, and the ultimate target. In image-guided endoscopy, 3D virtual 
images of the anatomy and pathology are generated from pre-interventional images and registered to 
real-time live endoscopic images to provide augmented reality which enables display of anatomical 
structures that are hidden from the direct view by currently exposed tissues. [46] 
Registration can be used to align some 3D data (like an implant model) to the other 2D/3D type 
of data (like CT/MRI/X-ray images of the patient). So, the 3D implant is transformed to achieve the best 
possible correspondence with the CT image and 3D structure. 
In case of 3D/3D image-to-patient registrations, corresponding isolated points or point clouds 
representing surfaces are registered. Therefore, the parameters that describe a geometric transformation 
can be computed directly. Direct computation of transformation parameters is possible only when 
registering 2D or 3D points with known correspondences as in extrinsic and landmark based methods. 
P. Markelj et al considers 𝑥𝐴
3𝐷  and 𝑥𝐵
3𝐷  as data’s points, and A(𝑥𝐴
3𝐷) and B(𝑥𝐵
3𝐷) values of data 
A and B, respectively. Registration involves finding the transformation T which is found by 
transforming the data set A(𝑥𝐴
3𝐷) into AT(𝑥𝐴





Here, T is a spatial mapping because it maps only between coordinates.  
Rigid registration is generally applied when it is assumed that the targeted anatomy fulfils the 
criterion of rigidity and spatial distortions are not introduced in the image acquisition process or are 
subsequently corrected. In this case, transformation T is defined by six parameters Tx, Ty, Tz, Rx, Ry and 












3. 3. Project Overview 
 
 Proper implant positioning together with soft tissue balancing are key issues in shoulder 
arthroplasty both for postoperative function and long-term survival of the implant.  Misposition of the 
glenoid component can lead to poor function, instability, and early component loosening in both total 
and reversed shoulder arthroplasty. [28] [48] 
 Due to the difficulties with correct placement and potential complications of improper glenoid 
placement surgeons have begun investigating computer planning for implant placement.  Computer-
assisted navigation has been proposed to increase intraoperative reproducibility of the preoperative 
planning. To avoid potential disadvantages of these techniques, different surgeons have focused on the 
use of 3D CT planning tools and patient-specific instrumentation.  
 Even so, the problem here relies on knowing if the implant is well positioned after the surgery. 
Therefore, the purpose of this postoperative software system is to determine the reliability and precision 
of placement of the implant. The software will be developed on MeVisLab and will provide a description 
of the glenoid component position in terms of version, inclination and implant (glenoid component) shift 
between real and ideal positions and implant rotation. Results can further be used to compare if the 
placed implant has the same orientation as the one that was planned for a specific patient before surgery. 







4. 4. Software Conception  
 
 The goal of this project was the design of a software in MeVisLab that could perform the 
analysis of the implant position after post-surgical shoulder arthroplasty. The MeVisLab plataform was 
chosen for being a recent platform and for the fact that, to my knowledge, there aren’t any softwares 
designed in it with the same goal and functionality as the one that was developed in this work.  In the 
next chapters, the conception and development of this software is described.  
First, there is a brief introduction to MeVisLab and how it is possible to use this tool to create 
the intended software. 
  Next sub-chapters will specify the requirements of the software which involved selection of 
determined landmarks and angles. The process by which they are properly found and/or calculated is 




 MeVisLab is a cross-platform application framework for medical image processing and 
scientific visualization. It includes advanced algorithms for image registration, segmentation, and 
quantitative morphological and functional image analysis. Its framework is based on modules and with 
that networks can be created, and applications can be built. [49] Each module is a complete functional 
unit feature designed to serve a specific task. The modules are grouped according to the functionality 
they provide such as image processing, image visualization, and image interaction. Figure 4.1 shows the 
three basic module types (ML, Inventor and macro) that are distinguished by their colors: ML Module 
(blue) is a page-based module with a demand-driven processing of voxels, Open Inventor Modules 
(green) are visual scene graphs (all modules start with So, which stands for Scene Object) and Macro 
Module (brown) includes a combination of other modules types, allowing implementing hierarchies and 
Figure 4.1 - The three module types: ML (blue) on de left, Open Inventor modules (green) in the middle and Macro 
Modules (brown) on the right. 
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scripted interactions.  
 Modules relate to each other through connectors which are displayed on the module. These 
represent the inputs (bottom) and outputs (top) of modules and there are three types of connectors that 
are shown in Figure 4.2: triangle that connects ML images, half-circle connects inventor scenes and 
square connects base objects like pointers to data structures.  
 By connecting these and therefore establishing a so-called data connection, image data, or Open 
Inventor information is transported from one module to one or more others. Besides connectors, 
basically any field of modules can be connected to other compatible fields of modules with a parameter 
connection: data connection that corresponds to the direct connection between parameter fields. [50] 
Fields define the interface of a module, that means they are also the basis of the connector types. 
The Figure 4.3 shows the two types: in/out fields connected by data connections (images, nodes and 
objects) and parameter fields connected by parameter connections (numbers, strings, vectors, triggers). 
 Some of the important file types of MeVislab and the ones that matter for this thesis are: .mlab. 
file which correspond to the network files and includes all information about the network's modules, 
their settings, their connections, and module groups;  .def, file which correspond to module definition 
file and are necessary for a module to be added to the common MeVisLab module database; .script file 
correspond to MDL script file and typically includes the user interface definition for panels, lastly .py 
file corresponds to Python file that is used for scripting in macro modules. [50] 
 MeVisLab also offers scripting interfaces. The scripts can be implemented in Python and can 
be triggered by field listeners or user interface controls. The trigger source defines the "context" of the 
script execution, i.e., the set of objects accessible by the script code. 
 To support the creation of image processing networks, MeVisLab allows data-flow modelling 
by visual programming (Figure 4.4). In the visual network editor, modules can be added and combined 
to set up data flow and parameter synchronization. The resulting networks can be modified dynamically 
by scripts at runtime.  
 Macro modules can be created to encapsulate subnetworks of modules, scripting functionality 
and high-level algorithms. These are written in the MeVisLab Definition Language (MDL), can be 
scripted with Python or JavaScript. 
Figure 4.2 - The type of connectors of modules: connector for ML images (left), connector for inventor scenes (middle) and 
connector for base objects to data structures (right). [50] 




 Regarding its features, MevisLab allows 2D and 3D image viewing, 2D and 3D rendering and 
overlays modules, has interactive editing of marker objects (points, vectors, spheres, etc), as well as 
segmentation tools that separate individual subregions in the data set based on certain features. Most of 
the tools in this last category operate on single- or multichannel images. Image-based segmentation tools 
include both interactive and automated methods. MeVisLab also works with DICOM (Digital Imaging 
and Communications in Medicine) and other file formats and automatically recognizes series of 2D 
DICOM frames that belong to the same 3D/4D image volume. As said, Python can be used for script-
controlled access to a large part of the MeVisLab functionality and object-oriented programming is 
possible. [49] 
4.1.1 How to create a macro module 
 Macro modules capture the “macro behavior” of an image processing and/or visualization 
pipeline (realized by a MeVisLab module network). Its functionality is defined by the macro module 
interface with inputs, outputs, and parameters (fields). The interface is built as a combination of the 
interface elements of the modules in the underlying network, and of eventually new fields. The 
encapsulated module network is stored in a MacroModuleName.mlab file, which is also called the macro 
network of the module.  
 The first step to create a global macro is to create an internal network. To do this, a new network 
tab is open, and the user can create the wanted network. The process must be saved at some convenient 
location. The network file will have to be referenced when creating the macro module and will be copied 
to its destination. After that, on the tab file, open the project wizard option and choose Macro Module. 
In this part, some properties for the new module need to be filled. The “name” and “author” of the 
module must be written and saved. The “comment” entry is also mandatory and refers to a short 
description of the module. There are two optional entries, “keywords”, that should be the terms other 
users might search for to find the module, and “see also” that states other related modules that might be 
of interest for the user. “Genre” is also mandatory and defines the place of the module in the Modules 
menu and the Module Browser. Also, user defined modules are grouped in projects. Therefore, the 
Figure 4.4 - Network pipeline. [50] 
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“project” entry refers to where the module will be installed in the Project Path in the subdirectory 
ProjectName. Finally, it is possible to select a target package from all the categories of mevislab modules 
(visualization, filter, segmentation, etc). [50] 
 The next step is to browse the previously saved network and set it as the Network File Name 
and click on “Create” 
 Now, the macro module and its necessary files are created: 
▪ .def: module definition file, for registering the module(s) to the MeVisLab module database. 
▪ .mlab: network file which includes the modules and their settings. 
▪ .script: MDL script file for the panel and from which Python code may get called. 
a) Adding the macro parameters and panel  
 
 The macro module script file starts with no points of interaction except for some placeholders 
as can be seen in Figure 4.5. The input/output, the parameters/fields and the scripting need to be added. 
The script file can be open and edit in the in-built text editor MATE.  
Figure 4.6 shows an example of .script file with the three placeholders: 
▪ Interface which defines the inputs and outputs of data connections for the macro. 
▪ Commands which defines the scripting file to be executed upon the activity of defined fields. 
▪ Window which defines the panel of the macro to set the parameters. This is an optional entry; 
if not defined, only the automatic panel is available. 
 To create a panel, the new section Window is added at the end of the script file. The desire fields 
must be defined in the Category section inside the Window section. All parameters defined, and the 
panel is ready for entering values — however, this is just the structural part of the process, there is not 
any interactions yet. So, the last section Command needs to be added, in which the respective scripting 
file (a Python file) and the fields this scripting file should “look at” need to be entered. The source will 
be a local file that will be add manually, with the nameofthefile.py by convention. Figure 4.6 and Figure 
4.7 show the relation between the python file to the scripting file. It is needed two field listeners that 
listen to fields and call the script command given in the command tag when the field changes. [50] 




b) Programming the python script  
 The Figure 4.8 shows how the header of the python file must be. What it is needed, besides the 
comment lines in #, is a line for importing the MeVis Python modules. As referred before, this file also 
needs to have every function for each scripting command.  
 
Figure 4.7 - Example of a script file. [50] 
Figure 4.6 - Example of python code from the python script of the macro module: definition of functions that will be called 
in the command section of the script file.  [50] 
Figure 4.8 - Header of python file. [50] 
 
4.2 Implant Model  
 
The implant model files were in x_t format. In order to be able to open them in MeVisLab, the 
files had to be converted into stl files and this was an easy process made through a converter program, 
CAD Exchanger. These are 19 files in total that represent the different parts of the implant model (i.e. 
implant model is deconstructed – Figure 4.9) and some of them have different settings such as base 
plate, glenosphere, screws, stem and liner.  
For the purpose of this program, this is, knowing the post-surgical position of the glenosphere 
regarding version and inclination and the implant shift, only the glenosphere model was used and it was 
slightly modified by closing the the open side of the model. This was acquired on Solidworks and the 










Figure 4.9 - Implant model components.  [51]  
 
Figure 4.10 - Altered glenosphere model. 
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4.3 Definition of landmarks 
 
 In this section it will be described each landmark needed to get the program working, such as 
the definition of the planes and for the point registration methods.  
First, it is important to convert the 2D structure into a 3D model. MevisLab has modules that 
do this step automatically.  
 In order to proceed with the calculation of the measurements and angles it is necessary to define 
some required landmarks on the glenoid and scapula. These landmarks will be assessed by the user, a 
specialist surgeon, and based on their clinical knowledge.  
 In the scapula, the trigonum spinae and angulus inferior are indicated in accordance with 
International Society of Biomechanics recommendations. [52]  
 The glenoid is identified by indicating a minimum of 10 points along it. The glenoid center point 
is posteriorly defined as the mean point of the 10 points. The glenoid component is identified by doing 
the same process on the backside and its center point is also calculated.   
 For the purpose of the point registration method, 6 points are defined on the 3D viewer (real 
markers), on the implant model (implant markers) and next on the 2D viewer/CT image (ideal markers). 
The definition of the number of points for the registration method was done by trial and error.  Initially 
the number of points was 3 and then 4 but the conclusion was that the bigger the set of these points the 
most accurate was going to be the transformation between them. Therefore, the 6 points was the trial 
that produced the best outcome regarding the transformation of the 3D implant model into the  3D/2D 
CT markers.All 6 points should be placed on the same positions (approximately) in the different viewers 
for purposes of accuracy: 3 points on the backside (flattened side) in the middle – top, mid and bottom 
– and 3 points on the curved side also in the middle – top, mid, bottom – like they are in the same plane 
(see Figure 4.11). When selecting the first set of points in the 3D viewer, the user can guide himself by 
looking to the CT image viewer, the points will be also placed there automatically.  
 
Figure 4.11 - Illustration of  how to select the 6 real points in the 3D viewer and in the implant model: 3 points on the backside 
(flattened side) in the middle – top, mid and bottom – and 3 points on the curved side also in the middle – top, mid, bottom – 
like they are in the same plane. 
 
26 
4.4 Definition of measurements and angles  
 
In this section specific measures and angles are described. The next parameters are required 
measures that will be computed by the software for every scapula. 
 First, three important planes need to be defined to form an axis center of the glenoid. The 
scapular plane was formed by the glenoid center point, trigonum spinae, and angulus inferior. The plane 
through the glenoid center point and trigonum spinae and going perpendicular to the scapular plane 
represented the axial plane. The axis between the glenoid center point and trigonum spinae point is 
called the “centerline” (Figure 4.12). [52]  
Next, to compute the glenoid component plane and the glenoid plane a best-fit plane is done 
through the selected landmarks on each.  
To assess inclination and version of the implant, the glenoid component plane normal was 
projected to the scapular plane and axial plane, respectively. Then, the angle between the projected 
glenoid component plane normal and the centerline was measured in both planes to obtain glenoid 
component inclination and version, respectively (Figure 4.13 and Figure 4.14). 
The vector projection described in Equation 4.1 is calculated in a PythonScript for both version 
and inclination calculations.  
Figure 4.12 - Landmarks (glenoid center point, trigonum spinae and angulus inferior) and scapular and axial planes defined. 
[29] 
Figure 4.13 - Version is computed as the angle between the centerline (blue line) and the glenosphere plane normal projected 
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To define a plane is needed three points (in this case, three positions). The scapular plane is 
calculated automatically with the three points that compose it. For the definition of the axial plane and 
having in mind the positions A, B and C, and that the blue plane is defined by those, it is possible to 
compute a normal direction from those three markers as described in Equation 4.2 (see Figure 4.15).  
 
 𝑁𝑑𝑖𝑟  =  (𝐶 −  𝐴). 𝑐𝑟𝑜𝑠𝑠(𝐵 −  𝐴) (4. 2) 
 
For the green plane, defined by the markers / positions A and C, it is needed a third position for 
defining the plane. Therefore, it is possible to compute a new position (Np) using the normal direction 
computed for the blue plane before which is described in Equation 4.3. 
 𝑁𝑝 =  𝐴 + 𝑁𝑑𝑖𝑟 (4.3) 
Finally, the normal of the green plane is computed as described in Equation 4.4. 
Figure 4.14 - Inclination is computed as the angle between the centerline axis (green line) and the glenosphere plane normal 
projected to the scapular plane (red line). Adapted from [52] 
Figure 4.15 - Illustration for the calculation of the axial plane. Different planes described: scapular plane (blue), axial plane 




 𝑁𝑎𝑥𝑖𝑎𝑙  =  (𝐶 −  𝐴). 𝑐𝑟𝑜𝑠𝑠(𝑁𝑝 −  𝐴) (4.4) 
 
In order to proceed with the implant shift calculations, we first need to do the match of the 
implant model set of points into the CT set of points to position the implant model in the CT image (see 
Figure 4.16). For this it was used a markers principal component analysis (PCA) method. For a better 
understanding, PCA is a dimension-reduction tool that can be used to reduce a large set of variables to 
a small set that still contains most of the information in the large set. So PCA simply takes points 
expressed in the standard basis and transforms them into points expressed in an eigenvector basis. An 
eigenvector is a vector whose direction remains unchanged when a linear transformation is applied to it. 
They are the "axes" (directions) along which a linear transformation acts simply by 
"stretching/compressing" and/or "flipping"; eigenvalues give you the factors by which this compression 
occurs. Therefore, regardless the number of markers needed to do the calculations, this method will 
always use the largest set that contains the most information and because of that it will produce good 
and accurate results. The three eigen vectors (v0, v1, v2) of the PCA form the upper 3x3 matrix of a 4x4 
transformation matrix. The idea behind the code is that the components of the PCA define two vectors 
(v0 - v1 and v2 -v1) and together with the cross product of those two vectors, a rotate/scale/skew matrix 
can be constructed. This is done by simply using the three vectors as column vector 
The position of v3 (center of mass of the PCA) is used as a translation vector (the right-most column of 
that 4x4 matrix) and all together form a 4x4 transformation matrix. 
After the implant model been placed on the CT image (by the process mentioned before) the 
next step is for the calculation of the implant shift between its real position and the ideal one. For this, 
Figure 4.16 - Illustration for calculating the transformation matrix between the implant markers set and the real/ideal markers 
set using the marker PCA method. 
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there was a registration method that had to be done that is described in Figure 4.17. This method included 
fitting an adequate transformation between a reference set and a fitting set of points, this is, the real set 
and ideal set, respectively. 
Transformation functions allow for the expression of an entity define in a reference frame A into 
another reference frame B. Basically, it uses a set of parameters to morph an entity to express it in 
another frame. Basic parametrized transformation functions are translation, uniform scaling, rotation, 
nonuniform scaling, shear and projection. Considering Equation 4.5 where pi is a point and N the number 
of points in the point cloud. This equation describes a set of points where P are point clouds and can be 
written in a matrix form with each column a point vector. 
 𝑃 = [𝑝1  𝑝2  …  𝑝𝑁] (4.5) 
If points are represented using homogeneous coordinates, a transformation T can be represented 
as a matrix T as described in Equation 4.6. 
 𝑇(𝑃) = 𝑇𝑃 = [𝑇𝑝1    𝑇𝑝2  …  𝑇𝑝𝑁] (4.6) 
Figure 4.17 - Illustration of the registration method by fitting an adequate transformation between a reference and a fitting set 
of points using the least- squares minimization method. 
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Equation 4.7 represents T in the matrix form where R is a rotation matrix and t a translation 
vector. 




The estimate of the transformation between the two original shapes is the composition of all 
intermediary transformations where i is the iterative composition of the transformations, and 𝑇𝑖𝑛𝑖𝑡 is an 
initial transformation (Equation 4.8 and 4.9).  
 ?̂?𝐴
𝐵 = (◯𝑖 𝑖 −  𝑇1
𝑖 )° 𝑇𝑖𝑛𝑖𝑡 (4.8) 
 ◯𝑖  𝑖 − 𝑇1
𝑖 = ⋯  ° 𝑇2
3  ° 𝑇1
2  (4.9) 
The generic formula computing the final transform becomes a simple matrix product described 
in Equation 4.10.  
 ⇔   ?̂?𝐴
𝐵 = (∏ 𝑖𝑖 − 𝑇1
𝑖 ) 𝑇𝑖𝑛𝑖𝑡 (4.10) 
 
Next, in order to get the rotation of the implant from the real markers to the ideal markers and 
having in mind the axis-angle form, any arbitrary rotation can be defined by an axis of rotation and an 
angle the describes the amount of rotation. Equation 4.11 shows the form of a general rotation matrix. 
 
𝑅 = [ 
 𝑅11 𝑅12 𝑅13
 𝑅21 𝑅22 𝑅23
 𝑅31 𝑅32 𝑅33
 ] (4.11) 
Rotation in 3D can be represented as three angles that specify three rotations applied 
successively to the X, Y and Z axes.  
Equation 4.12 shows the rotation of ψ radians about the x-axis. 
 




 ] (4.12) 
Identically, Equation 4.13 shows a rotation of 𝜃 radians for the y-axis. 
 




 ] (4.13) 
Lastly, a rotation of φ radians about the z-axis is described in Equation 4.14.  
 




 ] (4.14) 
 The angles ψ, 𝜃 and φ are the Euler angles. 
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This matrix can be thought of a sequence of three rotations, one about each principle axis and 
for analysis purposes it will rotate first about the x-axis, then the y-axis and finally the z-axis. Such 
sequence of rotations can be represented as their matrix product as shown in Equation 4.15. 
 𝑅 = 𝑅𝑧(φ)𝑅𝑦(𝜃)𝑅𝑥(ψ) (4.15) 
𝑅 = [ 
𝑐𝑜𝑠𝜃𝑐𝑜𝑠φ 𝑠𝑖𝑛ψ𝑠𝑖𝑛𝜃𝑐𝑜𝑠φ − 𝑐𝑜𝑠ψ𝑠𝑖𝑛φ 𝑐𝑜𝑠ψ𝑠𝑖𝑛𝜃𝑐𝑜𝑠φ + 𝑠𝑖𝑛ψ𝑠𝑖𝑛φ
𝑐𝑜𝑠𝜃𝑠𝑖𝑛φ 𝑠𝑖𝑛ψ𝑠𝑖𝑛𝜃𝑠𝑖𝑛φ + 𝑐𝑜𝑠ψ𝑐𝑜𝑠φ 𝑐𝑜𝑠ψ𝑠𝑖𝑛𝜃𝑠𝑖𝑛φ − 𝑠𝑖𝑛ψ𝑐𝑜𝑠φ
−𝑠𝑖𝑛φ 𝑠𝑖𝑛ψ𝑐𝑜𝑠𝜃 𝑐𝑜𝑠ψ𝑐𝑜𝑠𝜃
 ] (4.16) 
Given the rotation matrix R from the previous calculations, it is possible to compute the Euler 
angles, ψ, θ, and φ by equating each element in R with the corresponding element in the matrix product 
Rz(φ)Ry(θ)Rx(ψ) as shown in Equation 4.16. This results in nine equations that can be used to find the 
Euler angles. [53] 
 
4.5 Network and Scripts development  
 
 In this chapter it will be described the process behind the network and scripts development of 
the macro module created in MeVisLab that will allow the post-surgical analysis of the CT image of a 
patient. The creation of the macro module followed the methodology described in section 4.1.1 and the 
definition file(.mlab) corresponds to its internal network. The internal network of the macro module 
followed the steps indicated in Figure 4.18. 
Load and processing 





filters with the 
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image and for 
masking 
purposes

































Figure 4.18 - Pipeline of the flow of the developed network. 
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The first step is to load the needed files to the program that will be analyzed, and these are 
presented in the “Image load and processing” group of the network in Figure 4. 1. To do so, the 
DirectDicomImport is used to load the DICOM files of the CT image of the patient.  
In order to proceed with the visualization of the desired structures, there is a process between 
the load of the images and visualization that needs to be done. GaussSmoothing is used to apply a fast-
isotropic Gaussian smoothing to the input image which the result is blurring the image by a gaussian 
function (in this case for a 2D image): 
 






2𝜎2  (4.17) 
Equation 4.17 describes the gaussian function where x is the distance from the origin in the 
horizontal axis, y is the distance from the origin in the vertical axis, and σ is the standard deviation of 
the Gaussian distribution. [54]  
 Specifically, a Gaussian blur is a square array of pixels where the pixel values correspond to the 
values of a Gaussian curve (in 2D). In practical terms, on the software, the gaussian sigma which sets 
the width of the filter is set to 1,50.  
 A filter used for blurring is also called low pass filter, because it allows low frequency to enter 
and stop high frequency. Here frequency means the change of pixel value. Around edge pixel value 
changes rapidly as blur image is smooth so high frequency should be filtered out. This is typically used 
to reduce noise from the image, and noise in this case is a random variation of brightness or color 
information in the image. [54] 
Figure 4. 1 – Network for image processing group. 19 - t
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 The module WEMIsoSurface generates the iso surface of a scalar volume image at a certain 
threshold (interval). An iso surface is a 3D surface representation of points with equal values in a 3D 
data distribution. The Neighboring Cells algorithm behind the WEMIsoSurface is similar to the 
Marching Cubes algorithm: a volume (image) is scanned by discretizing it in cells. At each of the cell's 
corners, the image values are measured. The assignment of corner values leads to a set number of 
configurations and corner can be either inside or outside of the boundary to be generated. Therefore, a 
corner can yield two different states. The WEMIsoSurface features two iso values: a minimum and a 
maximum iso value. The usage of both values can be toggled. Since the generated iso surface is always 
closed, we can think of an inside and an outside surface(s). A voxel value less than the minimum value 
or greater than the maximum value will result in an outside, all other voxel values will result in an inside. 
If one of the values is not set to be used, the according minimum or maximum image value is considered 
instead. Another parameter of the module is the voxel sampling that the user has to choose and basically 
this sets a voxel sampling size for scanning the voxel image and the value is used as a sampling step in 
each main direction.  [55]   
In the network there is three different WEMIsoSurface modules with different purposes: one 
connected directly to the SoWEMRenderer with a minimum Iso value of 1200 which was found to be 
the best value to be applied to the WEM in order to best mark the landmarks on the scapula and with a 
voxel sampling  of 2; the second one is used in the glenoid plane calculations and used a minimum Iso 
value of 1270 and a voxel sampling of 2; the last WEMIsoSurface was used in the calculations of the 
glenosphere plane and used a minimum Iso value of 2400 and a voxel sampling of 2. For all three 
modules, the values were chosen by trial and error (see Table 4.1) and by seeing which ones best fitted 
the structure for the needed purposes.  
 
Table 4.1 - WEMIsoSurface module: Min.Iso Value and Voxel sampling value for purpose of visualization and posterior 
calculation of scapular, glenoid and glenosphere planes. 
WEMIsoSurface purpose Min. Iso Value Voxel sampling 
Calculation of scapular 
planes 
1200 
2 Calculation of glenoid plane 1270 




The SoWEMRenderer is used to generate an Open Inventor scene and to render the resulting 
scene. The generated WEM may be modified by a filter after being generated and before being rendered. 
Thus, the filter module WEMSmooth and a SoWEMRenderer are connected to WEMIsoSurface. The 
module WEMSmooth smooths the WEM by applying a surface smooth (Laplacian). Also, here, the 
values were chosen by trial and error and by seeing which values best fitted the structure for the needed 
purpose. The number of smoothing passes was set to 40 and the smoothing factor was set to 0.9. 
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 Also, in this group, is where it is the module LocalWEMLoad that will load the implant model 
files. 
Another part of this group evolves a switching module, Switch, that has the goal of switching 
between different input images, in this case, between a raw image and an image that has filters applied 
to it. These filters are a threshold filter and a dilation filter. The module itkThresholdImageFilter is used 
to apply a threshold to the image where it is possible to control an upper and lower values and an outside 
value. This means that the filter is applied between the upper and lower values decided by the user and 
all the outside values from that interval will have another grayvalue chosen by the user. [56] The module 
Morphology applies a dilation filter which allows the kernel element values to be added to their 
corresponding image values. [57] Figure 4.20 shows both modules chosen settings and values. 
Figure 4.20 - itkThresholdImageFilter (left) and Morphology (right) module settings. 
The idea behind the combination of these filters was to be able to mask the image in order to 
“eliminate” the implant, and therefore to not be bias when the user is marking the ideal markers on the 
CT image viewer. So, the kernel filter used is PAD_SRC_CLAMP which the input image is virtually 
expanded by some voxels so that the kernel can filter all input image voxels correctly. The contents of 
the area added around the input image are filled with the nearest voxel found in the input image (Figure 
4.21). [57] 
The definition of planes is important in order to be possible to calculate the desired angles and 
measurements through these. For all planes, the first step is to mark landmarks along the desired 
structure with the So3DMarkerEditor module. To compose the planes, overall, it was used the 
SoRotation, SoTranslation, SoMaterial and SoCylinder with some other specific modules to compute 
each plane. These other modules normally give the equations needed to compose the rotation and 
translation of the plane, the SoMaterial and SoCylinder modules allow to choose the settings of the 
plane. 
The glenoid plane is calculated with the intent to help define afterwards the scapular plane (see 
Appendix I). First, the glenoid area needs to be defined since the 3D structure does not allow to access 
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it. For that, the MPR module was used to select the MPR position of the plane that will cut the 3D 
structure and allow access to the glenoid area (approximately). This module allows to select the desired 
position by moving and rotating the MPR plane on the 2D image. Then, the module 
WEMClipPlaneToWEM is used to clip the WEM with a given plane (is the one calculated with the MPR 
module) and generates the resulting clipped WEM (either above or below the plane). There is also 
another module, SoPlaneDragger that is used to regulate the area wanted by translating the plane.  
The plane is defined, and the glenoid center point is automatically calculated. The glenoid center 
point is one of the points that will form the scapular plane. These calculations are made through 
MeVisLab modules, MarkerListToWemPlane and MarkerStatistics. The first generates a plane on base 
of a marker list using the PCA method and gives the normal of the plane (corresponds to the shortest 
axis of the PCA) and the second module performs a simple statistical computation on the list of the 
markers positions provided at its input, where the center of gravity show the average position over all 
markers, therefore it corresponds to the center of the plane. The “ConvertMarkerToCSO” transforms 
the points marked by the user into a spline and the “ResampleCSO” resamples the spline points with 
3mm distance between each other.   
In the “Scapula and axial planes” group, we have the calculation of the scapula and axial planes 
(see Appendix II). Using modules that MeVislab provides it was possible to compute the scapular plane 
by marking the landmarks previously described in the “Definition of landmarks” section. All landmarks 
are marked in the SoExamineViewer module.   For this, it was used the MarkerPCA module which does 
a PCA on the 3D positions of the markers and allows to get the normal of the plane. A comment module 
was added for the user to know which landmarks need to be added.  
 The axial plane is calculated with the support of a python script which its main goal is 
calculating the normal of the axial plane that is next used to compose the plane through the 
ComposePlane module.   
Figure 4.21 - Illustration of the kernel filter used: PAD_SRC_CLAMP. [57] 
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The calculation of the glenosphere plane is inserted on the “Glenosphere plane” group (Figure 
4.22). The process of this calculation is similar to the glenoid plane. The modules 
MarkerListToWemPlane and MarkerStatistics are also used to generate the plane and the center of the 
plane.  
The “Implant manipulation” group is the final step before the final calculations (see Appendix 
III). Its purpose is to manipulate the implant model into the CT image and to select the real and ideal 
markers for the calculations.  
 
For the selection of the real and ideal markers the modules used were the XMarkerListContainer 
for each (real and ideal) which contains the list of all markers selected and a SoView2DMarkerEditor 
and a So3DMarkerEditor that allow the selection of the markers on the 2D/3D viewers.  
After selecting the real markers there is the placement of the implant model on the CT image 
which is done through the SoRenderSurfaceIntersection module. This allows to render the intersection 
of 3D triangle meshes with a given world plane. The intersection is rendered using anti-aliased lines.  
Alongside with this, a python script using PCA as basis, is responsible for calculating the transformation 
matrix that is used to transform the object into the CT image. For each marker list, in 3D and in 2D, a 
transformation matrix is constructed through the python code.  
One transformation will map the object to another transformation by multiplying the target matrix with 
the inverse of the source matrix. The resulting transformation matrix can be applied to a whole geometry 
through the WEMModify module. 
Figure 4.22 - Glenosphere plane group network in MeVisLab. 
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To proceed with the placement of the ideal markers, this is, where the implant was supposed to 
be placed during surgery – ideal position – it is important to know where each real marker was placed. 
Each slice is then displayed for each real marker selected through the value of the Y-axis of the markers 
(because the markers will be selected on the coronal view). Herewith, each correspondent ideal marker 
needs to be placed in the same slice as the real marker.  
After that, the implant model must be placed on these ideal markers with the same process 
described for the real markers. The final goal of this process is to know if the implant was accurately 
placed through the calculation of the implant shift between the real markers and the ideal markers.  
Visualization of 2D images was accomplished by using OrthoView2D modules, which provides 
the usual synchronized orthogonal views (axial, sagittal and coronal) and allows cycling through the 
different slices and visualization of 3D structures was accomplished by using SoExamineViewer module 
which renders an Open Inventor scene and allows for interaction and navigation of the scene.   
The “Calculations” group includes all scripts that compose the calculations presented on the 
user interface (Figure 4.23). Some modules from MeVisLab were used as calculator for the intermediate 
calculations. 
 
4.6 User interface 
This section is dedicated to the development of the user interface of the program. The program 
is supposed to be interactive and user dependent. The development of the user interface was considered 
in order to have an easy flow and to be easy to any user to use.  
The creation of the user interface was developed on the script (.script) and python (py.) files of 
the macro module created, where the first one includes all of the structural part of the interface and the 
second one all of the commands that each components of the user interface have to respond to. 
Figure 4.23 - Calculations group in MeVislab. Includes basic modules for arithmetic and angles calculations, 
PythonScripts for the calculation of vector projections for version and inclination, and for the calculation of the 
transformation matrixes for the image registration problem and the implant shift and rotation. 
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Once the user clicks on the macro module, it displays the window that will be the user interface 
(see Appendix IV). The first step is on the first tab of the window and includes selecting and loading the 
images that the user wants to analyze, and the implant model used for the surgery of the patient which 
will be used for visualization purposes. As mentioned before, the program supports DICOM files for the 
images and STL files for the implant model.  
 In the second tab there is the visualization section of the interface, the image mode (regarding 
the threshold and dilation filtering), the planes and the implant markers sections, and lastly the 
calculations. The visualization includes two viewers, one with the 3 views (axial, sagittal and coronal) 
of the CT image of the patient and the other with the 3D segmentation of the CT image. 
The “Glenoid plane”, “Scapula planes” and “Glenosphere plane” buttons bellow will be for 
selecting some landmarks and defining the planes. By clicking on the button, it will show a pop-up 
window that has instructions and allows the selection of the desired landmarks and the planes will be 
automatically placed. Each pop-up window has a “read first” button that gives the instructions for 
defining the landmarks. Besides that, it also has a delete, close and apply buttons.  
 
 
Figure 4.24 - Pop-up window for the “Glenoid Plane” button (left) and pop-up window for the “Scapular Planes” 
button (right). In both, the user must select specific landmarks that are described in the “Read first” button in order to 
calculate the planes. 
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For the glenoid plane the user has to define the best glenoid area by dragging the plane on the 
WEM. Then, the user has to select the landmarks as described before on the viewer of the window to 
define the glenoid plane and center point. For the scapular plane the user just needs to add and select the 
landmarks described in the instructions (Figure 4.24) . Lastly, for the glenosphere plane, the user has to 
select the landmarks along the glenosphere as described (Figure 4.25) 
In the “Implant markers” section there is a pop window with instructions for the user regarding 
how to proceed next.  
The first step here, involves selecting, on the image mode “Normal”, the 6 points on the 3D 
viewer on the glenosphere area of the 3D structure of the shoulder as previously described in section 4.3 
(Figure 4.26).  
 
Figure 4.25 - Pop-up window for the “Glenosphere Plane” button. The user must select specific landmarks that are described 
in the “Read first” button in order to calculate the plane. 
Figure 4.26 - 3D viewer and CT viewer (Coronal view) of the structures and selected points on both. 
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The “implant markers” button opens a pop window that allows defining points on the implant 
model the user should mark the same 6 markers in the same order (very important) and on the same 
place (approximately) in the model – same instructions as before (Figure 4.27). Then, by clicking on the 
“Place Implant (real)” button, the implant model will be placed in the 3D viewer and in the CT image 
in the selected real markers positions (Figure 4.28). 
The button “Get Slices” will show the slices for each marker selected that will be needed for the 
next step. 
Next, the user switches to the image mode “Filtered”. To mark the ideal markers the user must 
click on the “Get slices” button to know which slice corresponds to each real marked point (Figure 4.29) 
In the CT image viewer and in the Coronal view, the user marks the 6 ideal points in the same order as 
before but in the ideal place (where he thinks is the ideal place for the implant to be) by clicking on the 
ctrl key and right button of the mouse at the same time for each marker. For each point that will be 
marked, the user needs to see the list of the slice numbers. Search for the slice in the CT viewer and 
mark the point on that slice.  It is important to follow the order of the first set of points marked. Then, 
by clicking on “Place Implant (ideal)” the implant model will be placed in these ideal markers (Figure 
4.30) 





A component was considered mispositioned if the component position deviated more than 10° 
from the planned optimal position. [12] With this in mind, version and inclination values higher than 
10º will appear in red in the interface.   
 
Figure 4.28 - 2D viewer (CT viewer) in Coronal view and in image mode “Normal” with the 6 real points placed in accordance 
with the 3D viewer and with the implant model placed on those points. 




Finally, the calculations are automatically displayed in the last section of this tab: version, 
inclination, implant shift and rotation.  
The “implant shift” button will display a window with the implant shift in mm and the implant 











Figure 4.30 - 2D viewer (CT viewer) in Coronal view and in the image mode “Filtered” with the 6 ideal points placed 





5. Software testing 
 
There are two assessments that can be performed to ensure if a program can be validated. 
Accuracy is one of the assessments and refers to the quality of being correct or exact. An 
accurate program must be reliable when the same measurements are replicated more times by the same 
user (intraobserver unwavering quality) or for various users completing the same measurements 
(interobserver dependability). In this way, tests must be performed to ensure the program can be viewed 
as exact in the two cases.  
Another significant assessment is functionality, which can be defined as the capacity of a 
software to do determined functions as indicated. Testing for functionality is to test if the software can 
complete a right evaluation, with values that fit those a clinical specialist would get manually. For this, 
it will be a test that contrasts the program's results and literature findings. 
For each testing method, statistical analysis included mean, standard deviation and mean 
absolute deviation (M.A.D.) of the results.   
5.1 Intraobserver Reliability Testing 
To assure the intraobserver reliability of the program, the same user must obtain similar results 
every time the program is run for the same patient.  
In this test, one user was asked to perform the experiment six times for the same patient.  
In Table 5.1 the results for the intraobserver reliability testing are presented.  
 
Table 5.1 - Intraobserver results for patient 1. 









Version (º) 5.00 4.87 3.32 4.95 5.31 6.48 4.54 0.92 0.61 
Inclination 
(ª) 
11.60 11.40 10.20 10.80 10.80 13.38 11.00 1.01 0.76 
Implant 
Shift (mm) 


































The purpose of this test was to assure the program is reliable when the same measurements are 
repeated multiple times by the same user, and in this way only the variability of the results is to be 
analyzed. 
The values for implant shift are the ones that display higher standard deviation and mean 
absolute deviation values. 
For both version and inclination, standard deviation is higher than what was ideal and mean 
absolute deviation values are slightly above that.  
Regarding the implant rotation, the z-axis is the one that presents higher values for both standard 
deviation and mean absolute deviation.  
In this case, ideal values include values with less than 0.5º or 0.5 mm of deviation that are 
considered small deviation values.  
5.2 Interobserver Reliability Testing 
To assure the interobserver reliability of the program, different users must obtain the equivalent 
results every time the program is run for the same patient. User 1 is a biomedical engineer with no 
experience with the program, User 2 is a biomedical engineer with medical background and with no 
previous familiarization with the program, User 3 is a biomedical engineer student with a lot of 
experience with the program, and User 4 is an orthopedic surgeon with no previous experience with the 
program.  
In Table 5.2 the results for the interobserver reliability testing are presented.  
Table 5.2 - Interobserver results for patient 1. 
 
5.2.1 Analysis  
The purpose of this test was to assure the program is reliable for different users performing the 
same measurements and, in this way, only the variability of the results is to be analyzed. 
Parameters User 1 User 2 User 3 User 4 Mean Stand Dev M.A.D 
Version (º) 11.60 6.67 8.76 6.87 8.48 1.98 1.71 
Inclination (ª) 17.40 16.30 13.30 4.19 12.79 5.19 4.30 
Implant Shift 
(mm) 
12.32 6.68 4.24 2.19 6.36 3.79 3.14 
Implant 
Rotation (º) 
(1.39,          
-0.43,         
-6.77) 
(-0.70,      
-0.13,       
-2.46) 
(-1.30,    
-2.04,       
-2.59) 











Similar to the intraobserver results, the values for the implant shift continue to present high 
standard deviation and mean absolute deviation values. The values that stand out when comparing to 
the intraobserver results are the inclination values, having the highest values for standard deviation and 
mean absolute deviation. The version values are the ones the vary less when comparing with the 
intraobserver results and are the lowest of the interobeserver results, having however slightly higher 
values than what was ideal.  
The implant rotation values are also higher when comparing with the intraobserver results, 
maintaining the z-axis with the higher value. 
 
5.3 Functionality Testing 
 In order to assure the functionality of the program, the program’s results must match manual 
findings, i.e. the angles and measurements that result from the landmarks manually set must match the 
results from literature findings. 
In Table 5.3 the comparison of the interobserver reliability testing results with expected values 
from literature are presented.  
Table 5.3 - Comparison of interobserver results with expected values for patient 1. 
Parameters Mean Stand Dev M.A.D 
Expected Values 
TSA data RSA baseplate data 
Version (º) 8.48 1.98 1.71 8.0 ± 9.0 º 
< 5◦ (63%) 
5◦ – 10◦ (34%) 
> 10◦ (3%) 
Inclination (º) 12.79 5.19 4.30 12.0 ± 13.0 º 
< 5◦ (59%) 
5◦ – 10◦ (25%) 
> 10◦ (16%) 
Implant Shift (mm) 6.36 3.79 3.14 2 mm [0-5]  











The purpose of this test was to compare the program’s findings that resulted from manual 
landmarking, such as, version and inclination of the glenosphere and implant shift, in an interobserver 
setting, with data from literature findings.  
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There is a similarity between the program results when comparing with the literature data, 
regarding version and inclination, and it is also possible to compare the order of magnitude of both 
results and see that the program results fit on the range of the order of magnitude of the literature 
findings.  
Regarding the implant shift, the mean value is slightly above the range of the literature findings 
mean value.  
For the rotation values there is no expected value to compare with since the rotation angles 
refers to the self-rotation of the implant.  
 
5.4 Discussion 
The final goal, after the development of the program, was to confirm that the program is reliable 
and consistent in its results in both intraobserver and interobserver domain and that it can be ensured by 
the results stated in the literature. After the testing and brief analysis of the results it is important to 
further discuss the results to see if the final goal was accomplished. When analyzing the intraobserver 
reliability testing results, the inclination angle and implant shift stood out as having big deviation values, 
with the later having the highest deviation. This was also verified in the interobserver reliability testing 
but instead the inclination angle had the highest deviation in this case.  
Since the same formulas are used in each run, the source of variability in these measurements 
is most likely the landmarks marked by each user. The landmarks involved in these measurements are: 
the trigonum spinae and inferior pole of the scapula, the points marked along the glenoid rim area and 
along the backside of the glenosphere area and the glenoid and glenosphere center points that are 
automatically calculated from the previous stated landmarks.  
This process of selecting the landmarks is most likely to be the source of the variability of the 
results since it is not automatic, and it depends on each user and their background knowledge of the 
analyzed structures. Also, the quality of the segmented structures is not the best (some areas of the all 
structure, especially in the scapula, are “disintegrated”) because of the poor quality of the DICOM files 
which makes it difficult to mark the landmarks in the appropriate places.  
The two landmarks that can contribute the most to this variability are the glenoid center point 
and the trigonum spinae that form the scapular plane. The glenoid center point because its location is 
very difficult to reach and it is dependent on the area selected by the user – when selecting 
(approximately) the glenoid area on the program and then when marking the points (approximately) 
along the rim of the glenoid. The trigonum spinae because it is one of the areas that is the most 
disintegrated and it is difficult to select the landmark there. The selecting of these landmarks affects 
both version and inclination because both use indirectly and directly, respectively, the scapular plane 
for its calculation.  
Another possible explanation for the source of the variability is that it could be a calculation 
problem which can include the algorithms of Mevislab.  
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The implant shift results have a high variability when compared either in the intraobserver 
domain and in the interobserver because the landmarking depends totally on the user and its knowledge 
of the implant, surrounding structures and the shoulder arthroplasty surgery.  
In the functionality testing, the results of version, inclination and implant shift values are 
compared with three literature findings. [44][58][59] 
O. Verborgt et al findings are used to compare the order of magnitude of the program results. 
Both version and inclination have similarities with the literature result however version has a bigger 
similarity, this is, version results correspond to the group with a bigger percentage than inclination 
results. It should be noted that, in this literature, the part of the implant that is being studied is the 
baseplate therefore it could have some differences between the values. However, because baseplate is 
attached to the glenosphere and it is done in the same surgical implantation it is fair to use these values 
as a guide to ensure the right order of magnitude of the program values for those measures.  
Thomas M. Gregory et al findings are used to compare mean and standard deviation of version 
and inclination. The values for both mean version and inclination are very similar to the ones from the 
literature having however a not so similar standard deviation. It should be noted that the expected values, 
in this literature, where calculated in 2D instead of 3D and some of the definitions of the measurements 
in the literature are different. Another reason that could explain the variability in standard deviation is 
the small sample size used in the validation of this program compared with big sample size of the 
literature. An increase in the sample size could help understand better this inconsistency.  
For the implant shift it is possible to make an analogy with values from the literature that 
compare deviation from pre-operative to post-operative implant location. These deviations can be used 
to compare with the implant shift values of the program in order to evaluate the order of magnitude of 
the values. From the average value obtained from the literature, it is possible to estimate that the values 
of implant shift obtained with the program are slightly above but around the range that is ideal and 
acceptable. These literature findings are from RSA component placement average of a starting point 
deviation which is not the same measurement as the implant shift but the idea behind the measure is the 
same so it is fair to use this values to compare the range of magnitude that the implant shift should have 







7. 6. Limitations and Future Work 
 
During the development of the software, several limitations became evident.  
The first problem encountered was the fact that I had no previous experience with MeVislab 
and, therefore, I had to learn all about the program and its functionality which was a slow process. Also, 
I didn’t have much experience programming at all, so I had difficulties with the theoretical part of the 
programming process, and I had to learn everything as I was actual developing the program which made 
the process even harder. I felt that sometimes I didn’t have enough knowledge to fix some problems that 
were showing up, and so I spent a lot of time searching for new solutions either in online forums or 
literature. Due to this lack of knowledge and programming skills, I think the developed program is not 
complete and sophisticated enough because some parts should be automated such as: the part that the 
user has to access to the glenoid area and selection of desired landmarks that will contribute to the final 
calculations.  
The initial goal of the project was to develop a software that provided a description of the 3D 
implant position in terms of version, inclination and location of center of rotation in comparison to the 
glenoid center point for the glenoid component and inclination, offset and height for the humeral 
component. These goals were not successfully met because of the already justified reasons mentioned 
above and because of some MeVisLab licensing problems. So, for the future the idea is to add these 
other features such as the calculations for the humeral component that will provide a more complete 
platform and enhance the program. With these it will be possible to relate the results taken from the 
program with the post-surgical function of patients.  
Regarding the program testing, one of the biggest limitations was user dependency for both tests 
since each user has different background knowledge and experience in the area (when selecting the 
desired landmarks), and because of that there is a big variability on the results.  
In order to have better testing results and overcome the actual user dependency of the program, 
better ways to automatically select the landmarks and consequently do the needed calculations should 
be studied, creating then a more sophisticated program. Also, the testing should be done with a larger 







8. 7. Conclusion  
 
Although the whole goal of this project was not fully achieved, there are some conclusions that 
we can take from this work.  
Having in mind the steps for the development of this software it is possible to say that these 
steps were concluded and an initial prototype of the software was achieved, providing visualization tools 
of the structures, generating the 3D model automatically, and providing a description of the glenoid 
component in terms of version, inclination and implant shift, returning all angles and measure 
successfully. 
The results from the software testing were used to show the reliability of the software and its 
consistency. It is possible to see that the software is consistent regarding the range of magnitude of the 
values but when it comes to the values itself, it has some variabilities when testing for the same user and 
between different users. So, it is fair to say that for this first prototype the software works however is 
not yet as reliable as it was desired. 
As mentioned before, some alterations need to be done to achieve a more sophisticated and 
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Appendix I – Glenoid plane group network in MeVisLab 
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Appendix II – Scapula and axial planes group network in MeVisLab  
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Appendix III – Implant manipulation group network in MeVisLab 
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Appendix V – Calculation results for version, inclination, implant 
shift and rotation 
